Abstract: Seasonal radial-increment records can help to elucidate how tree growth responds to climate seasonality. Such knowledge is critical for understanding the complex growth-climate relationships in subtropical China. We hypothesize that under subtropical monsoon climate characterized by mild winters and hot summers, summer drought constrains stem radial increment, which generally results in growth-limiting factors switching from temperatures in spring and early summer to precipitation in summer and autumn. Here, we monitored intra-annual dynamics of stem radial increment with band dendrometers in a montane stand of Taiwan pine (Pinus taiwanensis Hayata) from Lushan Mountains for two consecutive years (2016)(2017). A pronounced bimodal seasonal pattern of stem radial increment was observed in 2016. However, it was less clear in 2017 when late-summer rainfall events occurred in early August. Changing growth-climate relationships were detected throughout the two growing seasons. Stem increments were consistently positively correlated with temperatures before early July, whereas the growth-temperature dependency was gradually weakened and more variable after early July. Conversely, stem increments were significantly correlated with precipitation and soil moisture since early July, indicating that moisture variables were the main factor limiting stem increments in dry period. More precipitation was received in the dry period (July-November) of 2017 as compared with the year 2016, which favoured a wider annual increment in 2017, although growing-season temperature and precipitation was similar between years. Our study suggests a seasonal shift in growth-limiting factors in subtropical forests, which should be explicitly considered in forecasting responses of tree growth to climatic warming.
Introduction
Forest ecosystems, the largest component of the terrestrial biosphere, play a critical role in regulating carbon and water exchanges of the soil-plant-atmosphere continuum [1] . Tree growth can persistently sequester carbon through biomass formation, which is a major contributor to the terrestrial carbon sink [2] . There is increasing evidence that climate change can exert considerable influences on tree growth and forest productivity, but the directionality (positive or negative effects) of these changes is largely dependent on site conditions and tree species [3, 4] . Although the knowledge of climatic forcing of tree growth has been intensively documented in mid-to-high latitudes [5] [6] [7] [8] , studies in the subtropical regions are still rare. Thus, information on growth-climate relationships is urgently needed to improve our understanding of subtropical forest response to future climate change. As one of the principal carbon uptakes of global forests [9] , the subtropical forests in south China are currently subjected to climate-warming induced multiple threats, including rising air temperature and increased frequency and intensity of summer drought [10] . Generally, temperature-limited trees in cold climates responded positively to changes in temperature [5, 11] , whereas negative effects of deficits in precipitation and increased evaporative demand under warmer temperatures on tree growth were observed in water-limited forests [8, 12] . However, previous dendroclimatological studies showed ambivalent responses of tree growth to climate change in south China, including increases in tree growth under warmer springs and tree growth decline owing to summer droughts [13] [14] [15] [16] . These contrasting tree growth responses clearly suggest that there is a complex growth-climate relationship in subtropical forests [17] . It should be noted that current understandings mostly rely on investigating the correlations between annual ring width series and monthly, seasonal and annual climate variables, which may not truly capture the seasonal growth variability and growth-limiting factors, as annual tree-ring formation is a highly dynamic process [18] . To mechanistically elucidate the environmental variables driving tree growth, fine time scales ranging from days to weeks are required.
Automatic dendrometers, which continuously record stem radius variations with a sub-daily resolution, have been recognized as a useful tool for measuring stem radial growth [19] [20] [21] [22] [23] . Physiologically, diurnal stem radius variations consist of two main components, which is irreversible growth of new xylem cells as well as reversible stem shrinkage and swelling associated with water balance within the stems [21, 22, 24] . It has been demonstrated that tree growth can be reliably separated from the diurnal stem radius variations through conceptual partitioning approaches [20] [21] [22] 25] , providing a general basis for quantifying intra-annual tree growth and its association with climate and soil characteristics across coniferous and broadleaf trees from different biomes [20, [26] [27] [28] [29] . A number of recent studies used this technique to monitor intra-annual tree growth and evaluated the climate-growth relationships of temperate and tropical forests in China [28, 30, 31] . To date, the observation of seasonal stem growth dynamics is still sparse in subtropical China [32] , rendering the climatic forcing of tree growth unknown. Moreover, a stable correlation between tree growth and climate was generally assumed throughout the entire growing season (e.g., [28, 29, 33] ), without explicitly considering the seasonal variability in growth response to changing environmental constraints. It has been demonstrated that hot summers could induce a negative effect on fine-scale stem growth of temperate tree species [34] . However, no attention has been paid to the seasonal variations in growth-climate relationships of subtropical trees, where summer droughts caused by high temperature together with low rainfall periodically occur in this region. Such knowledge is important in the search for a general explanation for the complex growth-climate relationships of subtropical forests in south China.
Taiwan pine (Pinus taiwanensis Hayata) is an endemic conifer species and is widespread on mountain areas in southeast China [35] . In the Lushan Mountains, Taiwan pine widely dominate at the highlands ranging from 800 to 1460 m. Several dendroclimatological studies of Taiwan pine have been conducted in southeast China, but contradictory climatic limiting factors including winter temperature [13] , spring-early summer temperature [36, 37] and previous growing-season temperature [38] were reported. Also, there was no significant correlation between tree growth and precipitation in the above studies. To our knowledge, growth-climate relationships of Taiwan pine at fine time scales still remain unexamined in subtropical China. Here, we monitored the daily stem radius variations of Taiwan pine and relevant meteorology data in the Lushan Mountains over two consecutive years. We tested the hypothesis that summer drought constrains stem radial increment, resulting in a seasonal shift in growth-limiting factors in subtropical forests. Specifically, our tasks are to: (1) investigate the seasonal dynamics in stem radial increment under subtropical monsoon climate characterized by mild winters and hot summers; and (2) determine whether growth-limiting factor switches from temperatures during spring and early summer to moisture variables during summer and autumn.
Materials and Methods

Study Site
This study was conducted in the Lushan Natural Reserve, in the north of Jiangxi Province, China. The study site was located at a permanent forest plot at the peak of the Lushan Mountains (29 • 33 39.8" N, 115 • 59 14.6" E, 1402 m a.s.l.). The forest plot is dominated by Taiwan pine with a stand basal area of 25.0 m 2 ha −1 and a stand density of 925 trees ha −1 . The regional climate is classified as subtropical monsoon climate, which is characterized by hot summers and mild winters. Long-term records (1980-2011) from the meteorological station in Lushan Mountains (29 • 35 N, 115 • 59 E, 1165 m a.s.l.) show that the annual mean temperature is 11.9 • C, with July as the hottest month (22.5 • C). The annual precipitation is 2009 mm, 58.2% of which is received during March to July (Figure 1 ). There is a dry season (July-November), influenced by the west Pacific subtropical high [14] .
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Dendrometer Measurements
In the forest plot, four mature and healthy Taiwan pine trees with similar dominance and age were selected to diminish the tree size effects on stem growth. The monitored trees had an average diameter at breast height (DBH) of 20.1 ± 2.4 cm, height of 5.9 ± 0.8 m, and tree age of 33 ± 4 year. Automatic band dendrometers equipped with built-in data loggers (DRL26C, EMS, Brno, Czech Republic) were used to continuously monitor stem radius variations. All dendrometers were mounted at breast height of each sampled tree. To reduce the influence of bark swelling and shrinkage and to ensure a close contact with stems, the outermost parts of the bark were carefully removed before installation. The measurement of stem circumference is achieved by attaching a stainless tape to the tree trunk and measuring displacements with a rotary position sensor. The dendrometer has an accuracy of 1 μm over a maximum range of 64 mm. Measurements were hourly collected by an internal data logger (DRL26C, EMS, Brno, Czech Republic) from March 2016 to November 2017. Due to technical problems, measurements of one monitored tree in 2016 were not available. Therefore, measurements of three and four sampled trees were used for further analyses in 2016 and 2017, respectively. All raw data were converted to stem radius variations assuming a circular stem of the sampled trees. 
In the forest plot, four mature and healthy Taiwan pine trees with similar dominance and age were selected to diminish the tree size effects on stem growth. The monitored trees had an average diameter at breast height (DBH) of 20.1 ± 2.4 cm, height of 5.9 ± 0.8 m, and tree age of 33 ± 4 year. Automatic band dendrometers equipped with built-in data loggers (DRL26C, EMS, Brno, Czech Republic) were used to continuously monitor stem radius variations. All dendrometers were mounted at breast height of each sampled tree. To reduce the influence of bark swelling and shrinkage and to ensure a close contact with stems, the outermost parts of the bark were carefully removed before installation. The measurement of stem circumference is achieved by attaching a stainless tape to the tree trunk and measuring displacements with a rotary position sensor. The dendrometer has an accuracy of 1 µm over a maximum range of 64 mm. Measurements were hourly collected by an internal data logger (DRL26C, EMS, Brno, Czech Republic) from March 2016 to November 2017. Due to technical problems, measurements of one monitored tree in 2016 were not available. Therefore, measurements of three and four sampled trees were used for further analyses in 2016 and 2017, respectively. All raw data were converted to stem radius variations assuming a circular stem of the sampled trees.
Environmental Data
Environmental data at the forest plot were simultaneously monitored with a 3-m high automated weather station (HOBO U30, Onset Corp., Bourne, MA, USA) since March 2016. A set of probes for measuring air temperature (Ta; S-THB-M002, accuracy ±0.2 • C) and relative humidity (RH; S-THB-M002, accuracy ±2.5%), precipitation (P; S-RGB-M002, resolution 0.2 mm), solar radiation (Ra; S-LIB-M003, accuracy ±10 W m −2 ) and wind speed (W-WSB-M003, accuracy ±1.1 m s −1 ) were mounted at a height of 3 m above the ground. Soil temperature (Ts; S-TMB-M006, accuracy ±0.2 • C) and volumetric soil moisture content (SM; S-SMD-M005, accuracy ±0.033 m 3 m −3 ) were measured at 10 cm soil depth. Data were collected every 30 s and half-hour averages were stored in a data logger (U30-NRC, Onset Corp., Bourne, MA, USA). Vapor pressure deficit (VPD) was calculated from the half-hourly recorded air temperature and relative humidity [39] . To harmonize the time resolution between dendrometer measurements and environmental data, hourly averages or sums of environmental data were calculated.
Determination of Growing Season
It is recommended that examining the relationships between dendrometer-based stem increments and environmental variables should be performed during the stem growth period [25] . Since the raw data of a dendrometer are a combination of growth-and water-induced stem radius variations [25, 40] , appropriate algorithms are required for detecting the growing season from dendrometer data.
The Gompertz function is one of the most widely applied models to describe seasonal growth patterns due to its flexibility and asymmetrical shape [20, 41] . Given the longer growing seasons in the subtropics [32] , the year-round dendrometer data were used to determine the actual growing season of Taiwan pine. Using daily maximum values of dendrometer data during 2016-2017, the seasonal growth patterns across trees and observed years were identified by the Gompertz function as described by Duchesne et al. [41] , in which the Gompertz model includes a parameter (y 0 , the lower asymptote) indicative of the initial state at the beginning of growing season to avoid the arbitrary selection of initial settings of dendrometer data:
where y is the daily maximum raw measurements; a is the upper asymptote; β is the x-axis placement parameter; κ is the rate of change parameter; and t is the time (expressed as day of year, DOY). The parameter estimation was performed with ordinary least squares method (SAS Institute, 2002) [30, 41] . To evaluate the inter-tree variability, the seasonal growth patterns of individual trees (n = 3-4) for each year (n = 2) were modeled. We also modeled the averaged stem radius variation for all trees in each year. In this study, the timing of growth initiation and cessation was estimated according to the dendrometer accuracy, though determinations of growth initiation and cessation from dendrometer data could be easily interfered with by stem swelling caused by rehydration in tree stems [40] . Specifically, the onset and ending dates of stem radial increment were defined as the DOY when modeled daily growth rates exceeded and fell below 2 µm day −1 , respectively.
Extraction of Stem Radial Increment
Since the raw dendrometer measurements comprise irreversible stem growth and water-related reversible stem shrinking and swelling, several conceptual partitioning approaches have been proposed to extract the diurnal phases of stem radial variation [20, 21, 25] . In this study, stem cycle approach was used to disentangle different phases from time series of raw dendrometer measurements [19, 20] . This approach divides the stem diurnal cycle into three distinct phases: (1) contraction, the period between the morning maximum radius and subsequent afternoon minimum; (2) recovery, the period from minimum to the position of the previous maximum value; and (3) radial increment, the period in which stem radius exceeds the morning maximum until the following maximum, which has been considered as an estimate of actual stem growth ( Figure 2 ). When the previous maximum was not exceeded, the radial increment phase was not determined and was treated as zero values (i.e., zero increment) in the subsequent analyses [20] . According to these definitions, the magnitude, duration and corresponding environmental variables of three phases for each stem diurnal cycle were individually computed for each tree in each year. To assess the general response of stem increments to environmental factors, stem-phase parameters were also calculated for averaged stem radius variation in each year. As we were interested in examining the growth-climate relationships, only radial-increment phase was used for further analyses. Analyses were performed using a specially developed R package (dendrometeR) by Van der Maaten et al. [42] using the R software (version 3.3.3, R Development Core Team, Vienna, Austria, 2015). following maximum, which has been considered as an estimate of actual stem growth ( Figure 2 ). When the previous maximum was not exceeded, the radial increment phase was not determined and was treated as zero values (i.e., zero increment) in the subsequent analyses [20] . According to these definitions, the magnitude, duration and corresponding environmental variables of three phases for each stem diurnal cycle were individually computed for each tree in each year. To assess the general response of stem increments to environmental factors, stem-phase parameters were also calculated for averaged stem radius variation in each year. As we were interested in examining the growth-climate relationships, only radial-increment phase was used for further analyses. Analyses were performed using a specially developed R package (dendrometeR) by Van der Maaten et al. [42] using the R software (version 3.3.3, R Development Core Team, Vienna, Austria, 2015). 
Data Analysis
To examine the temporal stability of growth-climate relationships for Taiwan pine throughout the growing seasons, moving correlation analysis was applied between stem increments and corresponding environmental variables. The moving correlation window was set to 21 days, which provided a robust association between stem increments and environmental variables. Since precipitation and soil moisture were non-normally distributed, nonparametric Spearman correlation coefficients were determined. Further, to investigate whether growth-limiting factors switch from temperatures during spring and early summer to moisture variables (precipitation and soil moisture) during summer and autumn, Spearman correlation coefficients were separately calculated in pre-early July (i.e., spring-early summer) and post-early July (i.e., summer-autumn) growing phases.
Differences in the monthly mean magnitude and duration of stem increment among growing-season months were analyzed by one-way ANOVA and the Tukey comparison (the Tukey-Kramer test is performed by SPSS software when group sizes are unequal).
All statistical analyses were conducted using the statistical package IBM SPSS 22.0 for Windows (SPSS Inc., Chicago, IL, USA), and all significant differences were taken at p < 0.05.
Results
Environmental Conditions
During the main growing period (March-November), monthly mean air temperature ranged from 5.7 (March) to 21.0 °C (July) in 2016, and from 4.8 (March) to 21.3 °C (July) in 2017, respectively (Figure 3b,f) . There was a comparable mean air temperature of 14.7 and 14.5 °C during March to 
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During the main growing period (March-November), monthly mean air temperature ranged from 5.7 (March) to 21.0 • C (July) in 2016, and from 4.8 (March) to 21.3 • C (July) in 2017, respectively (Figure 3b,f) . There was a comparable mean air temperature of 14.7 and 14.5 • C during March to November in 2016 and 2017. However, the mean air temperature during March to June in 2016 was 0.7 • C higher than that in 2017 (12.9 vs. 12.2 • C), and the mean air temperature during July to November was almost similar in two years (16.2 • C; Figure 3b ,f). Maximum air temperature in both years reached 31.0 • C in late July. Soil temperature generally followed the seasonal trend of air temperature with less amplitudes (Figure 3b,f) .
November in 2016 and 2017. However, the mean air temperature during March to June in 2016 was 0.7 °C higher than that in 2017 (12.9 vs. 12.2 °C ), and the mean air temperature during July to November was almost similar in two years (16.2 °C ; Figure 3b ,f). Maximum air temperature in both years reached 31.0 °C in late July. Soil temperature generally followed the seasonal trend of air temperature with less amplitudes (Figure 3b,f) . From March to November, the sums of precipitation were 2104 mm in 2016 and 2165 mm in 2017, most of which (75.4% in 2016 and 73.3% in 2017) were recorded during March to early July (Figure 3c,g ). In contrast, few precipitation events were observed since mid-July, which was more evident in 2016. In addition, the precipitation sum during July to November in 2017 was 161 mm higher than that in 2016 (Figure 3c,g ). In late summers (mid-July to August), high temperatures combined with low rainfall caused a gradual decrease in soil moisture to a minimum of 0.12 m 3 m −3 in September 2016 and 0.11 m 3 m −3 in July 2017, respectively (Figure 3c,g ). Vapor pressure deficit and solar radiation showed no obvious seasonal trends across years (Figure 3d,h ). From March to November, the sums of precipitation were 2104 mm in 2016 and 2165 mm in 2017, most of which (75.4% in 2016 and 73.3% in 2017) were recorded during March to early July (Figure 3c,g ). In contrast, few precipitation events were observed since mid-July, which was more evident in 2016. In addition, the precipitation sum during July to November in 2017 was 161 mm higher than that in 2016 (Figure 3c,g ). In late summers (mid-July to August), high temperatures combined with low rainfall caused a gradual decrease in soil moisture to a minimum of 0.12 m 3 m −3 in September 2016 and 0.11 m 3 m −3 in July 2017, respectively (Figure 3c,g ). Vapor pressure deficit and solar radiation showed no obvious seasonal trends across years (Figure 3d,h ).
Seasonal Growth Patterns and Dynamics of Stem Radial Increments
In both years, the seasonal pattern of stem radial variations was characterized by a progressive increase of stem radius in spring and early summer (mid-March to early July), followed by a plateau (2016) or marked decrease (2017) of stem radius in summer, and a sharp increase in late summer and autumn (August to October). The stem radial variation started to stabilize in November (Figure 3a,e) . The pronounced winter shrinkage of stem radius was not observed during winter months because mean air temperature was generally above −4 • C with occasional occurrence of <0 • C in maximum air temperature [24] (Figure 3 ).
Gompertz models explained between 98% and 99% of the variation in daily maximum stem radius data (Figure 4a (Table 1) .
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Correlations of Stem Increments to Environmental Factors
Taking the whole growing season into account, stem increments showed the closest correlation with minimum air temperature (negative relationship) in 2016, while a significant positive relationship was found between stem increments and precipitation in 2017 ( Table 2) . As expected, moving correlation analysis consistently indicated a strong shift in growth-limiting factors around DOY 185 in both years ( Figure 7) . Stem increments for both years showed significant positive correlations with mean and maximum air temperatures (p < 0.05) before early July (i.e., DOY 185), whereas the correlations between stem increment and temperatures dramatically decreased to insignificance (p > 0.05) after early July. In general, similar temporal variations in growth-climate relationships were also found between stem increments and soil and minimum air temperatures (Supplementary Figure S1) . In contrast, the opposite trend of insignificant and robust correlations between stem increments and moisture variables of precipitation and soil moisture was observed before and after early July, respectively. However, stem increments varied little with vapor pressure deficit and solar radiation throughout the two growing seasons (data not shown). Therefore, the growing seasons were divided into two phases (i.e., pre-and post-early July), and consistent results were obtained between years (Table 2) . Stem increments in pre-early July were mainly limited by mean and maximum air temperatures, whereas moisture variables mainly determined the variations of stem increments in post-early July, and high temperatures also had a suppressing effect on stem growth. 
Taking the whole growing season into account, stem increments showed the closest correlation with minimum air temperature (negative relationship) in 2016, while a significant positive relationship was found between stem increments and precipitation in 2017 ( Table 2) . As expected, moving correlation analysis consistently indicated a strong shift in growth-limiting factors around DOY 185 in both years ( Figure 7) . Stem increments for both years showed significant positive correlations with mean and maximum air temperatures (p < 0.05) before early July (i.e., DOY 185), whereas the correlations between stem increment and temperatures dramatically decreased to insignificance (p > 0.05) after early July. In general, similar temporal variations in growth-climate relationships were also found between stem increments and soil and minimum air temperatures (Supplementary Figure S1) . In contrast, the opposite trend of insignificant and robust correlations between stem increments and moisture variables of precipitation and soil moisture was observed before and after early July, respectively. However, stem increments varied little with vapor pressure deficit and solar radiation throughout the two growing seasons (data not shown). Therefore, the growing seasons were divided into two phases (i.e., pre-and post-early July), and consistent results were obtained between years (Table 2) . Stem increments in pre-early July were mainly limited by mean and maximum air temperatures, whereas moisture variables mainly determined the variations of stem increments in post-early July, and high temperatures also had a suppressing effect on stem growth. Table 2 . Spearman correlation coefficients between stem increments and environmental variables (mean air temperature (Ta, • C), maximum air temperature (Ta_max, • C), minimum air temperature (Ta_min, • C), mean soil temperature (Ts, • C), precipitation (P, mm), soil moisture (SM, m 3 m −3 ), vapor pressure deficit (VPD, hPa), and solar radiation (Ra, W m −2 )) during the whole growing season and two separated growing phases in 2016 and 2017. Pre-and post-early July growing phases were separated by DOY 185 (see Figure 7) .
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Discussion
Seasonal Dynamics of Stem Radial Growth
In subtropical climates, the dynamic of stem radial growth is limited by the double climatic stress of the mild winters and hot summers [43, 44] . In this study, the stem radial growth of Taiwan pine started around mid-March in both years, but the ending date ranged from mid-October to late November. Moreover, the bimodal stem radial growth pattern with two growth peaks in transitional seasons (spring-early summer and autumn) and a decreased growth rate in summer was detected, though it was less evident in 2017. The bimodal seasonal growth pattern is in accordance with a recent intra-annual xylem growth observation of Masson pine (Pinus massoniana Lamb.) in subtropical China [32] . In the Mediterranean areas, seasonal dynamics of radial-increment revealed a similar capacity of several conifer species to resume cambial activity after a period of minimum growth or dormancy during summer droughts [45] [46] [47] . The summer growth suppression seems to be a strategy for coping with harsh environmental conditions during the summer drought. Under high temperatures and little rainfall, strong transpiration amplified the magnitude and duration of daytime contraction within tree stems, and refilling its hydraulic capacitance was restricted due to low soil water availability [48] , thus resulting in the shrinkage of the stems and decreased magnitude and duration of stem increments of Taiwan pine. However, autumn rainfall could reactivate cambial activity, which might have led to the second peak of stem increments in autumn [45] [46] [47] . The less clear autumn growth peak in 2017 was probably related to early sporadic late-summer rainfall events, suggesting a high plasticity of seasonal dynamics of radial-increment in response to varying intensity and duration of summer droughts.
Temperature has been considered to play an important role in controlling onset of stem growth in spring across temperate and boreal forests [49] [50] [51] . It has been demonstrated that xylem cell production of conifers in cold environments often reactivates when a critical mean daily air temperature of 4-5 • C is reached [49] . In this study, mean air temperatures during the 10-day period before the onset of stem growth were 4. [52] . Although soil water is available in early spring, low soil temperatures can not only hamper root growth but also restrict root water uptake and above-ground transpiration [53] , which in turn affects the cell turgor and enlargement of newly-produced xylem cells in the stem. However, there is evidence that low soil temperature no longer affects tree transpiration when it rises to ca. 8 • C [53, 54] . Thus, our data suggests that the relatively low soil temperature in early spring may induce water deficit in tree stems, resulting in a later growth initiation. In contrast, the timing of stem growth cessation varied considerably among tree individuals and between two years. Similar results were also found in conifers across mountain and boreal forests [30, 41, 50, 55] . This variation indicates that temperature variables have a minor influence in determining the ending of growth, while it is probably regulated by complex endogenous physiological mechanisms [41] .
Seasonal Shift in Growth-Climate Relationships
In southeast China, the climate is characterized by the Eastern-Asian monsoon with mild winters and hot summers. This double seasonal climatic stress clearly implies that climatic conditions in spring and summer-autumn may have contrasting effects on tree growth. However, previous dendroclimatic investigations have indicated intricate relationships between tree growth and climate in this region [13] [14] [15] [16] 36, 37, 56] . Mechanisms of how seasonal tree growth responds to such climate seasonality are critical to understand the limitations to tree growth. In this study, on intra-annual time resolution, changing growth-climate relationships between stem increments and temperature and moisture variables were found over the two growing seasons, which induced the switching of growth-limiting factor from temperatures in spring and early summer to precipitation in summer and autumn. This seasonal shift in growth-limiting factors has been broadly observed across coniferous and deciduous tree species in temperate forests under summer drought [27, 34, 57] .
In temperate and cold-limited forests, stem radial growth is generally thought to be limited by temperature [20, 58, 59 ], particularly at the beginning and end of growing seasons [34] . However, contrasting effects of temperature on stem radial increment may occur in different growing phases, which is possibly associated with an optimum temperature [7, 34, 57] . Physiologically, the stimulating effects of temperature on stem radial growth involve allocating photosynthates to the process of cambium activity and xylem formation and allowing the metabolic process of growth to be completed [49, 60, 61] . At the cellular level, it has been observed that cambial cell division mainly occurs in the early part of growing season when temperature is favourable for growth, in which cell production rate consistently shows a positive response to temperature [40, 62, 63] . However, temperatures above a certain threshold (ranging from 16 to 21 • C for conifers [57, 64, 65] ) can induce a reduction in net photosynthesis due to increased photorespiration [66, 67] , which in turn results in a negative effect on stem radial growth. For Taiwan pine, the timings of rapid decrease in the moving correlations between temperatures and stem increments roughly corresponded to a mean air temperature of 19-20 • C, which well matched with the thermal optimum for photosynthesis [35] , suggesting that summer temperatures exceeded the optimum.
In post-early July, high temperatures were unfavorable for leaf stomata conductance and could also enhance respiration rates [48, 55, 61] , both of which decreased the available carbohydrates for stem radial growth, resulting in the negative correlations between stem increments and temperatures. Conversely, during this dry period, large amounts of precipitation (>15 mm day −1 ) indirectly alleviated water deficit in tree stems through sharply increasing soil moisture, which caused less negative water potentials that favor cell enlargement [28, 29, 68, 69] . On the other hand, light rain events (<15 mm day −1 ) directly induced a partial release of the low needle water potential through wetting the crown, leading to an increase in cambial turgor and thus to an enlargement of the existing xylem cells [28, 69] . Consequently, the effects of moisture variables on stem increments overwhelm that of temperatures in post-early July. Such mechanisms well explain why the growth-limiting factor switched from temperatures in spring and early summer to precipitation in summer and autumn.
Temperatures as the growth-limiting factor during spring and early summer confirms the results from dendroclimatological studies of Taiwan pine in southeast China, in which radial growth was positively correlated to temperatures during February-July [13, 15, 36, 70, 71] . Also, the early-season temperature constraint on tree-ring width was reported for other conifers in subtropical China [72] . Nevertheless, non-significant relationships between precipitation and tree-ring width were obtained in these dendroclimatic studies. This result contrasts with our finding that moisture variables (precipitation and soil moisture) played an important role in determining stem increments during summer and autumn. The fading impact of summer-autumn precipitation on tree-ring width is probably due to the fact that up to 67% of the total width was already produced before early July (data not shown), suggesting that summer-autumn precipitation signals revealed by tree-ring width may mix with the climate signals of other seasons. However, at low-elevation sites in southeast China where a large part of ring width was mainly formed in September (i.e., during drought periods), tree growth of Masson pine was limited by summer and autumn precipitation [73] . Further evidence of a seasonal shift in growth-limiting factors is that ring width of Masson pine from mid-elevation sites was concurrently and positively correlated with early-season temperature and summer-autumn precipitation [74] . Moreover, our findings imply that different intra-ring sector widths (i.e., earlywood and latewood) rather than total ring widths may reflect detailed seasonal climate information. Indeed, the latewood width of Tsuga longibracteata Cheng did represent a reliable proxy for summer-autumn precipitation in south China [75] .
Studies on wood formation have documented that tree-ring width is highly sensitive to changes in seasonality of growing-season climate [34] . In this study, despite the almost similar growing-season temperature and precipitation (averages or sums during March-November) between the two study years, a wider annual increment in 2017 compared to 2016 was observed. Since stem increments in different seasonal growing phases were separately limited by contrasting climatic factors, differences in annual increment between the two years were attributed to the intra-annual variations in climatic conditions. Although tree growth started earlier in 2017 than that in 2016, trees did not produce much more cumulative stem increments until early July (data not shown), which was mainly associated with the lower spring-early summer temperature in 2017 [76] . During the dry period (July-November), however, the year 2017 received more precipitation than 2016, which greatly promoted the stem radial growth. While the effect of spring-early summer temperature on ring width may depend on the balance between the timing of growth initiation and growth rate, our results highlight the important constraint of summer drought on ring width in subtropical China. In fact, there is evidence that increased intensity of summer drought in recent decades in south China had induced a decadal change in growth-limiting factors of Fokienia hodginsii (Dunn) Henry et Thomas from January-April mean temperature to August-September precipitation [77] . In the future, detailed investigations of xylogenesis in histological sections and long-term tree-ring widths as well as intra-ring sector widths are needed to further elucidate the mechanisms of how tree growth of Taiwan pine responds to changing environmental constraints in subtropical China.
Conclusions
Stem radius variations of montane Taiwan pine in southeast China were monitored with high-resolution band dendrometers over a two-year period. Our data revealed a bimodal seasonal pattern of stem radial increments though it was less evident in 2017, indicating that radial growth was limited by the double climatic stress of mild winters and hot summers under the Eastern-Asian monsoon climate. On intra-annual time resolution, the growth-limiting factor switched from temperatures in spring and early summer to precipitation in summer and autumn, which was probably related to the excess of temperature over an optimum threshold and drought stress during the mid to late growing season. This study provides a fundamental understanding of the role of temperature and precipitation in controlling intra-annual stem radial growth in subtropical forests, and highlights the importance of identifying seasonal shifts in growth-limiting factors in forecasting growth responses to climate change in south China. Given that the climate in south China is getting warmer and drier due to the increased frequency and intensity of summer drought [10, 73, 77] , our results suggest that annual increments do not necessarily increase, as the promotion effect of warm temperature on growth initiation and growth rate in the first part of the growing season may be offset by the negative consequences of drought on growth in the second part of the growing season. 
